Obesity is among the most pressing health issues affecting developed countries. The etiology of obesity remains unclear despite its associated health risks and problems. We propose a framework for obesity modeled upon overeating as a substance dependence disorder arising from a combination of abnormal cognitive and neuroendocrine processes. While significant work has investigated the body's regulation of satiety signals, fewer studies have focused on the mechanisms by which these two seemingly disparate (cognitive and neuroendocrine) systems interact. Although emotional states have been shown to mediate reward processing, the implications for hunger mediating reward have not previously been addressed. We review the interaction between cen-
INTRODUCTION
Obesity is a serious health condition reaching pandemic proportions. Recent surveys indicate that, in the United States, one-third of men and women aged 20 years or older are overweight [body mass index (BMI) > 25.0]. 1 The percentage of clinically obese (BMI > 30.0) individuals in the US has nearly doubled in the past two decades. 2 Health problems linked to obesity are numerous and include stroke, heart disease, noninsulin dependent diabetes mellitus, osteoarthritis, and increased risk for developing cancer. 3, 4 The number of deaths relating to obesity rivals those attributed to alcohol-and nicotine-use. 5 But while researchers agree that obesity is a disease warranting increased public awareness, its relationship to depression, personality disorders and addiction are not as strongly emphasized. The similarities between overeating and substance use disorders have been established 6, 7 as have the co-morbid disorders most commonly associated with these illnesses. Recent functional brain imaging studies have suggested that obesity and the inability to control eating behaviors produce changes in neural activity patterns similar to those produced by substance use. 8, 9 Given these similarities, newly discovered physiological messengers that modulate eating behavior (i.e., leptin and ghrelin) may mediate not only obesity but also alcoholism and other drug dependencies.
THEORETICAL CAUSES OF OBESITY
Numerous theories attempt to explain the causes of obesity. A popular biologic theory is that obesity develops from abnormal neuroendocrine processes involved in the control of eating behavior and energy homeostasis. Most of these theories focus upon the hypothalamus, a principal component of the central nervous system for maintain-ing energy homeostasis. 10, 11 An alteration in hypothalamic response to anorexigenic or orexigenic signals could result in a delayed central sensation of satiety. The consequent feeding behavior would gradually lead to obesity.
Conversely, the prototypical cognitive approach cites the social implications of food as reward (e.g., having to clean one's plate for dessert) and focuses upon our behavioral responses to food rewards. 12 While these disparate approaches may initially seem irreconcilable, the regulation of hunger and satiety most likely stems from interaction between endocrine and cognitive processes. 13 The purpose of this review is to elaborate upon psychobiological processes mediating hunger and satiety.
Overeating as a Substance Dependence Disorder
Constructing a model for overeating as an addiction is inherently difficult due to the ambiguous psychological and psychiatric definitions of addiction. We instead model overeating as a substance dependence disorder. The comparison is imperfect since the DSM-IV does not recognize food as a substance of abuse. Furthermore, we are all physiologically dependent upon food for survival, so one could facetiously argue that everyone suffers from tolerance and withdrawal to food (two of three specifiers necessary for a diagnosis of substance dependence). The remaining specifiers for substance dependence (e.g., greater consumption of the substance than planned, failed attempts to cut back on consumption, etc.) reflect the difficulties many obese individuals experience when attempting to reduce food intake. When the criteria for physiological dependence are disregarded, food adequately fits the model for substance dependence.
We contend that obesity may be considered a byproduct of substance dependence with food as the substance in question. Within this theoretical framework, cognitive-behavioral therapies typically reserved for substance dependence therapies may be applicable toward the treatment of obesity. 14 However, treatment is beyond the scope of this review; we instead wish to review prominent functional neuroimaging research on the reward system and their common implications for substance dependence and obesity. We will also review a novel functional MRI (fMRI) method for studying the neuro-hormonal mediation of hunger and satiety based on our previous work, 15, 16 focusing on the hypothalamus and its associated signaling pathways in regulating eating behavior and body-weight. Our ultimate goal is to provide a feasible model for the interaction of the nervous and endocrine systems in regulating both substance use and eating behaviors.
RECENT METHODOLOGY DEVELOPMENT AND FINDINGS

Functional Neuroanatomy of Reward
Reward-system circuitry and the learning of reward contingencies have been topics of study for many years. Excellent reviews can be found concerning the role of neurotransmitters in establishing and mediating reward incidents [17] [18] [19] as well as the neuroanatomy and connectivity of reward circuits. [20] [21] [22] These reviews stress two main circuits for mediating reward behaviors: a fronto-amygdalar pathway reciprocally connecting the amygdala and prefrontal (orbito-, ventromedial-, and dorsolateral-) cortices and a limbic circuit integrating the amygdala with the hypothalamus and septal nuclei. A second limbic circuit, Papez circuit, integrates the hypothalamus with hippocampus and thalamus. The hypothalamus is at the junction between these two limbic circuits, with the hippocampal branch forming new memories while the amygdalar branch assigns value judgments to those memories.
The tight connectivity of the limbic circuits with phylogenically ancient structures such as the insular cortex suggests that the limbic system is mostly concerned with unconditionally rewarding stimuli such as food, water, and sex. 23, 24 In contrast, the fronto-amygdalar circuit may be more focused upon conditionally rewarding stimuli, such as money or abstract concepts. 25 The distinction, if any, between the rewards these circuits mediate can best be teased apart with functional imaging. More than merely a means for corroborating anatomical findings, functional imaging techniques including positron emission tomography (PET) and fMRI allow the unique perspective of viewing brain circuitry in vivo. 15, 26 The inherently global nature of these techniques allows for the analysis of the spatial and temporal extent to which these anatomic reward circuits are activated. Individual differences in brain response to different rewarding stimuli can be assessed, as well as how these reward systems are perturbed by long-term drug abuse.
Substance Dependence
Nowhere is the synthesis of biological and physiological reward mechanisms more prominent than in substance dependence literature.
Nicotine dependence, for example, can produce cue-and environmentdependent cravings so powerful that substance users will selectively pursue nicotine reinforcement over competing unconditional reinforcers. 27, 28 Substance dependence is particularly relevant to the discussion of reward since dependent users will continue to pursue the substance in question despite punishing factors inherent to substance use (i.e., unsanitary environments, detrimental health effects) and from external sources (i.e., disapproval of family and peers, legal and economic consequences). Long-term substance use results in physiological changes in the responsiveness of reward circuitry to the substance of use. 29 Cocaine dependence exemplifies these changes in the neural systems mediating reward. Bonson et al. monitored the neural activity of people with cocaine dependencies as they were exposed to cocaine-related cues and neutral cues. 30 The previous study on cocaine users demonstrated increased activation of the right dorsolateral prefrontal cortex, left lateral orbitofrontal cortex, and left ventrolateral amygdala in response to cocaine-related cues over neutral cues, with the activity of these regions positively correlating to the participants' self-reported degree of cocaine craving. Importantly, increased activity was not observed in areas not associated with reward, such as the paracentral cortex, posterior thalamus, globus pallidus and caudate nucleus, so the activation was specific to reward and not a global change in activity due to increased arousal. 31 The observed patterns of reward circuitry activity generalize to other forms of addiction; for example, nicotine-deprived smokers demonstrate increased activation of both limbic circuits (the amygdala, hippocampus, ventral tegmental area, and thalamus) in response to smoking-cues over nonsmoking-cues. 32 These previous studies emphasize that substances of abuse can alter both frontal and limbic responses.
It should come as no surprise that cues relating to substances of abuse activate the reward systems of individuals dependent upon those substances. But how does substance dependency affects the processing of non-substance rewards? Functional neuroimaging has shown activity of the limbic system and prefrontal cortices to vary with monetary gain or loss. 33 While patients with nicotine-dependencies and healthy control populations had comparable limbic activity in response to monetary awards, dopaminergic areas such as the striatum were activated to monetary rewards in smokers and nonmonetary rewards in nonsmokers. 34 One interpretation for these findings is that reward processing becomes anchored to the substance of dependence, and a given stimulus is rewarding only insofar as it can aid the subjects with addiction in obtain-ing the substance in question. However, it is possible that this decrease in activation is an inherent condition that predisposes a person toward obtaining concrete rewards such as drugs over abstract rewards. The causal nature of this relationship remains to be clarified with further research. Another interpretation of this study concerns the postulation proposed earlier that the fronto-amygdalar circuit deals with abstract, goal-oriented rewards whereas the limbic system focuses upon more basic rewards. Clearly, such an attribution is far more complex than previously stated if not patently false.
Emotional Modulation of Reward
The previously described studies pose the following question: does a pre-existing neurological condition predispose one toward substance dependence? While the answer to this question is beyond the scope of this review, aberrant responses to reinforcing stimuli have been observed in populations suffering from psychiatric disorders. It has recently been proposed that obsessive-compulsive disorder (OCD) is not merely an anxiety disorder but is also driven by disgust. 35 Neuroimaging studies support this theory with the finding that OCD and control populations express similar patterns of brain activity in response to threatening visual-stimuli designed to induce fear and anxiety, whereas the activity patterns differ between the two groups for disgust-inducing stimuli. 36 OCD patients viewing pictures of contaminated food had significant increases in insular activity (a region responsive to both gustatory stimuli and disgust) but significant decreases in medial prefrontal cortex activity relative to control populations. One can conclude that OCD patients found contamination-related stimuli more disgusting than did control subjects. These findings demonstrate an interaction between an individual's emotional state (in this case, disgust) and the valence of a stimulus. Although the causal nature of this relationship has not been formally established, emotion is most likely influencing reward processing in this instance since OCD is commonly considered an anxiety or affective disorder. Given the coterminous nature of the two limbic circuits, it is both feasible and probable that an affective disorder can alter the value judgments placed upon rewarding or punishing stimuli.
The Biochemical and Physiological Processes of Satiety
We have illustrated how psychiatric conditions such as addiction and OCD can influence the relative reward value of stimuli. The eating dis-order literature lends more credence to this theory. The endocrine response to fasting and the biochemical means by which the body mediates hunger and satiety is addressed (see Kalra & Kalra: Overlapping and interactive pathways regulating appetite and craving, in this issue). But how do these neurochemical signaling pathways translate into behavior? What cognitive mechanisms influence reward processing so as to vary the reward value of food relative to other reinforcers as a function of the organism's satiety level? When and under what conditions does the interface between biochemical signaling and cognitive awareness occur?
Functional neuroimaging addresses these questions by monitoring the brain response to perturbations of the endocrine system. The fMRI technique of temporal clustering analysis (TCA) has been developed to identify when changes in brain activity occur throughout the course of a functional scan. 15 TCA operates by searching the time course of a scan, second by second, for significant fluctuations in brain activity. Once it is determined when changes in brain activity occur, further analysis can be conducted to evaluate how and where brain response changes for these durations. TCA has been applied to assess changes in brain response to glucose administration in healthy fasting volunteers. Brain activity was shown to significantly change around 9 minutes following glucose ingestion in normal weight subjects (Figure 1) . After isolating the duration of enhanced brain activity, statistical parametric mapping revealed significant decreases in hypothalamic activity, with this activity correlated with plasma insulin levels. 9, 15 Interestingly, in obese subjects, such changes in fMRI measurement was significantly delayed and attenuated. 16 Perhaps more intriguing is that plasma insulin levels did not correlate with the decreases in hypothalamic activity in obese fasting volunteers, 9 while they did correlate in lean subjects. The lack of coordination between hypothalamic response and plasma insulin concentration conceivably translates into a delayed awareness of satiety. An inherent response latency of this nature could easily lead to a history of overeating and thus provide a neurobiological explanation for obesity.
Reward and Hunger
While this previous work lays the groundwork for a bottom-up approach combining biochemical and neuropsychological methods for studying brain-body modulation of hunger, other work has adopted a more cognitive approach. Morris and Dolan examined how one's hun-ger state can influence memory for food-related stimuli. 37 Fasting subjects had increased recognition for previously viewed food stimuli over sated subjects. While the activity of limbic and limbic associated structures (hypothalamus, insula, and nucleus accumbens) covaried positively with hunger ratings and left amygdalar activity covaried positively with recognition for food items, only orbitofrontal cortex activity covaried positively as a function of food and hunger state. Specifically, the right anterior orbitofrontal cortex was found to covary positively with recognition for all stimuli (food and non-food) irregardless of hunger state, whereas the right posterior orbitofrontal cortex only covaried positively for food stimuli during the hunger (and not sated) state. This finding is intriguing in that it suggests dissociable roles for the orbitofrontal cortex and the anterior region seeking reward for correctly recognizing previously viewed stimuli, but the posterior region responsive to more internal reward. The specter of differing neural correlates for abstract versus concrete rewards arises again, but such dissociation is tenuously supported at best in the absence of corroborating data.
A shortcoming for many hunger studies is that stimuli cause both valence and arousal. Failure to control for the arousing properties of presented stimuli can confound neuroimaging studies, as increased arousal could lead to an artifactual apparent increase in reward system activity. To control for arousal effects, a fasting study has been performed incorporating visual stimuli from the International Affective Picture System (IAPS). 38 By comparing pictures of food (and food-related) items to pictures of animals and tools matched for valence and arousal (Figure 2 ), the effects of these two properties on neural reward circuits can be teased apart. A comparison of food items to non-food items (low valence, low arousal) resulted in activation of the insula, the prefrontal cortex, the amygdala, the thalamus, and especially the nucleus accumbens at the ventral basal ganglia in hungry but not sated subjects. 39 While these findings are indicative of brain activity specific to hunger, a comparison of food versus arousing animals (or even food-related tools to nonfood-related tools) is necessary to eliminate the confound from arousal.
FUTURE DIRECTIONS
As previously mentioned, an altered hypothalamic response to glucose ingestion may reflect the change in the central satiety signal that is associated with obesity and changes in the peripheral hormonal levels; 9 however, the relationship currently lacks causal directionality. Although a study of obese individuals using the fasting paradigm described above would determine how obese individuals react differently than non-obese individuals to rewarding food stimuli while discriminating for arousal effects, such a study still cannot elucidate whether changes in reward circuitry lead to obesity or are a result of obesity. It is important to reiterate that, while animal models would be ideal for finding a double-dissociation, functional imaging on clinical populations would be more beneficial for defining the causal relationship between biochemical changes in satiety and psychobiological changes in reward values caused by obesity and substance dependence. Following are our ongoing fMRI studies in three different directions.
Satiety in Prader-Willi Syndrome
A solution for this causality issue may lie in study of patients with Prader-Willi Syndrome (PWS), a neurogenetic multisystem disorder characterized by infantile hypotonia, mental retardation, short stature, hypogonadism, dysmorphic features, and hyperphagia with a high risk of obesity. 40 The behavioral symptoms in patients with PWS include compulsions toward binge eating and obesity, with typical onset just prior to puberty. An analysis of reward circuit activity using fMRI immediately following the onset of behavioral symptoms would clarify if hunger mediates reward response or vice versa. For example, a disruption of hypothalamic activity would suggest that an altered satiety response 41 eventually results in modulation of reward processing, whereas variations in reward circuit activity suggest a cognitive alteration in hypothalamic function. The running question of whether or not different reward circuits mediate abstract versus concrete rewards may well be answered by this study, as food rewards may be perceived with greater value in binge eaters.
Expression of Hunger or Fasting in Hypoglycemia Unawareness
Hypoglycemia unawareness (i.e., development of neuroglycopenia without appropriate prior awareness of autonomic warning symptoms) is a frequent and potentially dangerous syndrome and becomes the most important acute complication in type I diabetes after long-term intensive insulin treatment. Because hypoglycemia often occurs suddenly and unpredictably, patients with hypoglycemia unawareness cannot correct impending hypoglycemia (e.g., by eating food). 42 Therefore, the condition of hypoglycemia unawareness can be used to address the means by which healthy individuals are consciously aware of hunger and satiety.
Although hunger and fasting are terms typically used interchangeably, the distinction needs to be made that fasting is a quantifiable biological phenomenon whereas hunger is more akin to a mood or emotional state. While hunger is an emergent state arising from fasting, cognitive processes can undoubtedly influence one's perception of hunger, resulting in marked individual differences in hunger sensation. An analysis of hypoglycemia unawareness using our current fMRI paradigms can shed light upon how the hunger state develops from fasting and what emotional or reward processing factors attenuate that state. While the interactions between satiety, cognition, and reward processing are undoubtedly complex, careful investigation of these phenomena will certainly clarify the mechanisms by which these seemingly disparate processes interact.
Brain Modulation of Reward in Obese Tobacco Users
Finally, if hunger is viewed in the context as being an addiction, the question inevitably arises of how the neural mechanisms regulating satiety and those regulating addictive rewards interact. For example, the nicotine literature is ripe with studies citing weight gain among chronic smokers upon smoking cessation, with this potential weight gain acting as a deterrent (especially among women) against quitting. 43, 44 The finding of elevated leptin levels among chronic smokers could link hunger to addiction. 45, 46 A functional neuroimaging investigation into the neuroendocrine regulation of leptin among chronic smokers would have a two-fold purpose: not only would such a study further specify the mechanisms by which leptin may mediate satiety, but the potential of leptin for mediating signaling among reward circuitry would be assessed. Research into the direct interaction of hunger and reward circuitry is essential for pinning down the transitional boundaries between biology and psychology, with investigations of this nature shedding light upon the brain modulation of reward by emotion and obesity.
CONCLUSIONS
Redefining obesity as the product of a substance dependence disorder would alleviate the stigma associated with this illness while providing new directions for treating this growing epidemic. We acknowledge that the causal relationship between eating behaviors and the observed alterations in neurobiological reward circuitry remains to be established, most likely though the study of genetic conditions with accompanying eating disorders (i.e., Prader-Willi Syndrome). Although the DSM-IV does not recognize food as a substance of abuse, the converging neuroimaging, cognitive, and behavioral findings presented above suggest that food feasibly fits within the model of substance dependence. Such a framework would necessitate further study of biochemical messengers such as leptin and ghrelin, whose traditional roles in mediating hunger states may well transcend into modulating the relative reward of nonfood stimuli. Further research into these directions will grant us a truly comprehensive understanding of the complex neural and endocrine interactions driving our eating behaviors.
